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C omparisons of the human genome with distantly related vertebrate genomes are valuable for identifying evolutionarily conserved regulatory elements in the human genome. For example, genome-wide comparisons of human with teleost fishes, such as Fugu and zebrafish, that diverged from the human lineage about 450 million years (My) ago (1) were able to identify a large number of conserved noncoding elements (CNEs). Several of the CNEs were shown to function as tissue-specific enhancers (2, 3) . Cartilaginous fishes represent the living group of jawed vertebrates that diverged from the common ancestor of mammals and teleost fishes about 530 My ago (1) . Here, we report the identification of ancient vertebrate CNEs by comparison of genome sequences of a cartilaginous fish, the elephant shark (Callorhinchus milii), with the human genome.
The elephant shark, with its compact genome (Materials and Methods), was recently proposed as a model cartilaginous fish genome (4). We generated~1.4× sequence coverage of the elephant shark genome and compared it with the human genome to identify CNEs with the use of discontiguous MegaBLAST (Materials and Methods). A total of 4782 CNEs associated with 1189 human genes (table S1) were identified. The mean length of CNEs is 210 base pairs (bp), with identity ranging from 71% to 98% (mean = 83%) and a combined length of 1.0 Mb ( Table 1 ). The longest CNE is 937 bp and is found in the second intron of ZNF407 (table S2) . We also aligned a representative CNE with orthologous sequences from other vertebrates ( fig. S1 ). BLASTN search (e-value cutoff at 1 × 10
) of the CNEs against Ciona, fruit fly, and nematode worm genomes indicated that nearly all of them (with the exception of six CNEs that show similarity to Ciona or fly sequences) are specific to vertebrates. The genes associated with CNEs are statistically enriched for functions such as regulation of transcription, DNA binding, and transcription factor activity (P = 0) (table S3). They are also significantly enriched in protein domains such as homeobox; helix-turn-helix motif, lambda-like repressor; and POU (P < 10
, c 2 analysis) (table  S4) . A significant number of CNEs identified previously in the human and Fugu genomes was also found to be associated with similar genes (3). Most of the human-Fugu CNEs assayed functioned as enhancers mediating tissue-specific expression (3). We predict that most of the humanelephant shark CNEs identified are likely to function as tissue-specific enhancers, influencing the gene regulatory networks in vertebrates.
Given that only 1.4×-coverage sequence of the elephant shark (estimated genome coverage of 75%) was analyzed, we estimate that the human and elephant shark genomes contain about 6300 CNEs (totaling 1.3 Mb). For comparison, we identified CNEs in the whole-genome sequences of human-Fugu and human-zebrafish by using the same protocol used for human-elephant shark comparison (Materials and Methods). Both teleost fishes genomes contain fewer CNEs than the elephant shark gemone. The Fugu genome contains a total of 2107 CNEs (totaling 0.38 Mb), whereas the zebrafish genome contains 2838 CNEs (totaling 0.53 Mb) (Table 1) . Thus, more than twice as many noncoding sequences are conserved between elephant shark and human genomes compared with those conserved between teleost fishes and human genomes. Comparisons of the top 20 genes associated with elephant shark (table S5), Fugu (table S6), and zebrafish (table S7) CNEs show that the same genes are targeted for highly conserved CNEs in these genomes. For example, NR2F1, ARRDC3, EBF3, FOXP1, and FOXP2 contain large numbers of CNEs in all three genomes. However, overall only 652 and 782 genes are associated with human-Fugu and human-zebrafish CNEs, respectively, in contrast to 1189 genes associated with human-elephant shark CNEs. Indeed, human-elephant shark CNEs associated with 518 human genes are not identifiable by human-teleost fish comparisons. Thus, the elephant shark genome comparison was able to uncover a large number of ancient regulatory elements in the human genome that could not be identified by comparison with teleost fishes.
Comparative analysis of noncoding regions of the HoxA cluster from human, teleost fishes, and horn shark had indicated that the regulatory elements in teleost fishes are more divergent than those in human and horn shark (5) . Thus, it appears that, even though cartilaginous fishes diverged from the human lineage before teleost fishes, higher proportions of regulatory elements are conserved between cartilaginous fishes and human than between teleost fishes and human. This implies that the regulatory regions of teleost fishes have been evolving faster since their common ancestor diverged from the lineage that led to mammals. The divergent regulatory regions in teleosts may be partly explained by the partitioning of regulatory elements between duplicate gene loci that arose from the fish-specific whole-genome duplication event in the ray-finned fish lineage (6, 7) . Teleost fishes, with about 25,000 extant species, are the largest group of vertebrates and exhibit vast diversity in their morphology and adaptations. The accelerated rate of evolution of regulatory regions may be an important factor in the rapid radiation and diversity of teleost fishes. The highly conserved regulatory regions in the elephant shark compared with the divergent regulatory regions in teleosts underscore the importance of the elephant shark as a critical reference vertebrate genome. Table S1 should have been included in the Supporting Online Material (SOM), rather than posted on the author's Web site. Table S1 includes the coordinates of the conserved noncoding sequences within the elephant shark genome and the corresponding coordinates in the human genome. The elephant shark sequences (1.4x coverage) have been deposited at DDBJ/EMBL/GenBank under the project accession AAVX00000000. The version described in this paper is the first version, AAVX01000000. The authors have also submitted the traces of these sequences to the Trace Archive at the NCBI. Tables S8 and S9 should also have been included in the SOM, and the following statement should have been added to the
